The structural and electronic effects of isoelectronic substitution by Ag and Cu atoms on gold cluster anions in the size range between 13 and 15 atoms are studied using a combination of photoelectron spectroscopy and first-principles density functional calculations. The most stable structures of the doped clusters are compared with those of the undoped Au clusters in the same size range. The joint experimental and theoretical study reveals a new C 3v symmetric isomer for Au 13 − , which is present in the experiment, but has hitherto not been recognized. The global minima of Au 14 − and Au 15 − are resolved on the basis of comparison between experiment and newly computed photoelectron spectra that include spin-orbit effects. The coexistence of two isomers for Au 15 − is firmly established with convincing experimental evidence and theoretical calculations. The overall effect of the isoelectronic substitution is minor on the structures relative to those of the undoped clusters, except that the dopant atoms tend to lower the symmetries of the doped clusters.
I. INTRODUCTION
Because of the unique catalytic properties discovered for gold nanoparticles, 1 the study of gold clusters has been a central focus in cluster science during the last few years.
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Numerous experimental [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] and theoretical studies have been devoted to elucidate the structural and electronic properties of small gold clusters. This knowledge on size-selected gold clusters is essential to understanding the catalytic mechanisms exhibited by gold nanoparticles. A number of modern experimental techniques have been used to study size-selected gold clusters, such as ion mobility, 14, 15 photoelectron spectroscopy (PES), 16-18, 20, 21, 23, 34-36, 39-46 mass spectrometry, 47 infrared multiphoton dissociation spectroscopy, 19, 25, 48 and trapped ion electron diffraction (TIED). 22, 41, 49 Density functional theory (DFT), [49] [50] [51] [52] [53] in particular when combined with experimental studies, has emerged as one of the most powerful theoretical tools to study the structures of clusters.
Although impressive progresses have been achieved in understanding the most stable structures of small gold clusters, it is quite difficult to completely resolve all the atomic arrangements of energetically closely isomers even for relatively small systems. For instance, we have recently discovered, in a joint experimental and theoretical effort, 36 a new isomer for a cluster as small as Au 7 − , which was not recognized in numerous prior experimental and theoretical studies. The strong relativistic and spin-orbit (SO) coupling effects in gold make it theoretically very challenging to determine the true global minimum structures of even relatively small gold a) Present address: Department of Physics, University of Pittsburgh, Pittsburgh, Pennsylvania 15260, USA. b) Electronic mail: lai-sheng_wang@brown.edu. c) Electronic mail: xczeng@phase2.unl.edu.
clusters. Therefore, state-of-the-art experimental data, in conjunction with extensive theoretical studies, are needed in order to obtain unequivocal structural information of gold clusters. Indeed, on the basis of the experimental and theoretical explorations over the last decade, many structural issues of small gold clusters have been resolved. One of the most interesting early finding was the planar (2D) gold cluster anions for Au n − (n < 12) owing to the strong relativistic effects.
2, 3, 14 The discoveries of the golden cages 21 from Au 16 − to Au 18 − and the Au 20 − pyramid 17 represent two other milestones in the studies of structural evolution of gold clusters.
Recently, we have found that Ar-tagging and O 2 -titration can be used effectively to resolve isomers for gold cluster anions in combination with PES. [34] [35] [36] For example, using Artagging we confirmed the coexistence of both the 2D and 3D isomers in the cluster beam of Au 12 − and obtained isomerspecific photoelectron spectra for this critical cluster. 35 We have also been able to determine decisively that the Au 10 − beam contained unprecedentedly four co-existing isomers. 42 The cage-to-pyramid structural transition at Au 18 − has also been resolved recently using Ar-tagging and O 2 -titration, in combination with DFT calculations. 34 We have found that doping by Cu and Ag is also an effective means to resolve isomers in the undoped gold clusters because the isoelectronic substitutions do not change significantly the geometries and electronic structures of the parent gold clusters. 36, 42 This is particularly effective when Ar-tagging or O 2 -titration is not sufficient to resolve the isomers, such as in Au 7 − . 36 Because the Cu or Ag substitution can slightly alter the relative stability of the closely lying gold cluster isomers, the isoelectronic substitutions can enhance the abundance of a given isomer relative to that of the undoped clusters. Such strategy allowed us to successfully identify a new isomer for Au 7 − , a Au atom attached to the corner of a triangular Au 6 , which was always present in the experiment, but was not recognized. 36 The Cu or Ag substitution slightly favors the 3D structures near the size range of 2D-to-3D structural transition, decreased the critical size of the 2D-to-3D transition in Au 12 − to the eleven-atom clusters, MAu 10 − , while breaking the near degeneracy of the 2D and 3D isomers in Au 12 − , allowing only the 3D MAu 11 − clusters to be observed experimentally. 42 Here we continue our investigation of the effect of isoelectronic substitution on the post-2D clusters Au 13 − -Au 15 − by Ag and Cu atoms. It should be pointed out that the precise structures and isomers of the anionic gold clusters in this size range are still not well understood. 16, 21, 22, 29 Using the isoelectronic substitutions and DFT calculations with the inclusion of the SO effects, we have identified new isomers and fully resolved all isomers and structures for clusters in the size range between the 2D and cage structures.
II. EXPERIMENTAL METHODS
The experiments were performed on a magnetic-bottle PES apparatus equipped with a laser vaporization supersonic cluster source, details of which have been published elsewhere. 44 The AgAu n − and CuAu n − clusters were produced by laser vaporization of a Au/Ag and Au/Cu mixed disk target containing about 7% Ag and Cu, respectively. A time-of-flight mass spectrometer was used to analyze the negatively charged clusters extracted perpendicularly from the cluster beam. Clusters of interest were selected and decelerated before being intercepted by a 193 nm laser beam from an ArF excimer laser for photodetachment. The amount of dopant in the target was carefully tuned to low concentrations such that the chances of multiple doping were minimized and the MAu n − series with a single dopant atom were optimized in order to achieve clean mass selections. Photoelectrons were collected and measured by the magnetic-bottle time-of-flight electron energy analyzer and calibrated by the known spectrum of Au − . The resolution of the apparatus was E/E ∼ 2.5%, i.e., about 25 meV for 1 eV electrons.
III. THEORETICAL METHODS
The basin-hopping (BH) global minimum search 54 coupled with a DFT optimization method was employed to search for the lowest-lying isomers of doped MAu n − (n = 12-14 and M = Ag, Cu) clusters. The computer code, originally developed for studying silicon clusters, 55 was extended to treat doped clusters. Generalized gradient approximation with the Perdew-Burke-Ernzerhof (PBE) functional was chosen for the DFT optimization. 56, 57 Multiple randomly constructed isomer structures were used as initial inputs for the BH search program. The BH program generated a few hundreds isomers for MAu 13 − and MAu 14 − to a thousand isomers for MAu 12 − . For the latter, however, many isomers were 2D. In a previous paper, 42 we showed that the 2D-to-3D transition occurred at MAu 11 − . Hence, we only collected 3D low-lying isomers of MAu 12 − for computing their photoelectron spectra. For MAu 13 − and MAu 14 − , we collected those low-lying isomers within 0.2 eV from the lowest-lying isomer for computing their photoelectron spectra and comparing with the experimental spectra.
Our recent joint experimental and theoretical studies of gold clusters indicate the necessity of inclusion of the SO effects to achieve quantitative agreement between the experimental and theoretical photoelectron spectra. 34, 36, 42, 43 We also used the PBE0 hybrid functional 57 and the CRENBL basis set as implemented in the NWCHEM 5.1.1 software package 58 for optimization of all the aforementioned lowlying anionic clusters. We then performed single-point energy calculations at the SO-PBE0/CRENBL level of theory implemented in NWCHEM 5.1.1. Finally, the energies of the neutral isomers of each species were computed at the SO-PBE0/CRENBL level of theory but in the corresponding anion geometry. The first vertical detachment energies (VDEs) of the anionic clusters were calculated as the difference between the energies of the neutral and anionic species of each isomer. The binding energies of the deeper occupied orbitals of the anion (i.e., the density of states) were then added to the first VDE to approximate higher binding energy features. Each computed VDE was fitted with a Gaussian width of 0.035 eV to yield the computed spectrum which was compared with the experimentally observed spectrum. For several species (e.g., Au 13 − , Au 15 − , M Au 14 − , etc.) the computed spectra of at least two isomers had to be combined in order to accurately reproduce their corresponding experimental spectrum. In these cases, the spectral intensities of the minor isomer were uniformly scaled by a factor such that the scaling factor was guided by the ratio of the measured intensity of the first peak of the major isomer to that of the minor isomer.
IV. EXPERIMENTAL RESULTS
The experimental photoelectron spectra of Au n+1 − and MAu n − (n = 12-14; M = Ag, Cu) are presented in Figs. 1-3, respectively (the left panels). The spectra for the three undoped gold clusters (Au 13 − , Au 14 − , and Au 15 − ) have been presented before. 12, 16 They are shown here for comparison with those of the doped clusters. However, as will be seen below, the spectrum of Au 13 − consists of contributions from at least two isomers, whereas for Au 15 − the structures found in the current study are different from the previous study. The computed spectra of the low-lying isomers which yield the best agreement with the experimental spectra are also presented (the right panels) for comparison (vide infra). Both experimental and theoretical first VDEs of the undoped and doped clusters are given in Table I .
A. Au 13
− and MAu 12
−
The photoelectron spectrum of Au 13 − [ Fig. 1(a) ] shows five well resolved PES bands in the low binding energy region below 5 eV. The five peaks are closely spaced followed by a small gap and the congested region (due to gold 5d orbitals) at higher binding energies. Careful examination shows that there is a shoulder (X ) on the lower binding energy side of band X, suggesting the presence of a possible minor isomer. At 266 nm, the shoulder was better resolved, but the previous joint PES and DFT study did not consider the struc- tures of Au 13 − . 16 Interestingly, the photoelectron spectra of (Table I ). The X band corresponds to removal of the extra electron entering the LUMO of the neutral clusters. Detachment from orbitals corresponding to the neutral HOMO or deeper orbitals results in both triplet and singlet final states, which could not be resolved and led to spectral broadening for all the 14-atom clusters in comparison to those of the 13-atom clusters. Indeed, the A band of Au 14 − was resolved into two components due to the triplet and singlet splitting at 266 nm, as reported previously. Fig. 3(a) ]. Since Au 15 − is closed shell, each occupied orbital should result in one PES band and all the bands should have similar intensities. Therefore, the two weak features provide evidence for the presence of a minor isomer in the Au 15 − beam. 21 The spectra of the two doped clusters MAu 14 − [Figs. 3(b) and 3(c)] appear more complicated than those of the undoped clusters, suggesting that they may contain contributions from different isomers. The broad spectral widths of the X and A bands in AgAu 14 − [ Fig. 3(b) ] and the weak band (X ) in the spectrum of CuAu 14 − are all consistent with the presence of minor isomers. As will be shown below, these experimental observations are borne out from the theoretical calculations.
V. THEORETICAL RESULTS AND DISCUSSIONS
The structures of the three clusters (Au 13 − , Au 14 − , and Au 15 − ) have been extensively studied previously. 2, 3, 7, 8, 16, 21, 22, 24, 49, 50 In the current study, we focus on our effort on the doped clusters. We are interested in how the isoelectronic doping affects the overall energetics and structures of the different isomers found for the undoped clusters. The comparisons between the computed spectra and the experimental spectra are critical to gain confidence about the computed low-lying structures. As we have shown before, the inclusion of the SO effect was essential in the computed spectra and allowed us to achieve almost quantitative comparison between the experiment and theory. The computed spectra from low-lying isomers that agree best with the experimental data are shown in Figs. 1-3 . All the low-lying isomers considered and their computed spectra are shown in Figs. 4-6 for Au n+1 − and MAu n − (n = 12-14, M = Ag and Cu), respectively. Cartesian coordinates of all isomers are given in the supplementary materials.
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A. Au 13 − and MAu 12
−
As reported previously, theoretical VDEs are slightly lower than the experimental VDEs by 0.1-0.3 eV due to the inclusion of SO effects in the calculations. 36, 42, 43 The computed spectra [ Fig. 1(d) ] generated from the two best candidate structures chosen for Au 13 − well reproduce the experimental spectrum: the C 2v isomer is the dominant one corresponding to stronger PES bands and the C 3v structure can be considered as the minor isomer corresponding to weaker PES bands. As can be seen from Fig. 1 , although the lowest-energy Au 13 − isomer is i, the C 2v (isomer ii) and C 3v (isomer iii) structures together give rise to excellent agreement with the experimental spectrum. Both these isomers (ii and iii) are energetically very close to the lowest lying isomer i with only 0.012 and 0.044 eV higher in energy, respectively. We have shown before that such small differences in energy are likely due to the intrinsic errors of DFT calculations and the spectral pattern is much more reliable in structure assignments than the small difference in relative energies. 36, 42, 43 Structure i (Fig. 4) can be ruled out because its computed spectrum does not agree well with the experimental spectrum. The major isomer of Au 13 − [ Fig. 1(d) , highlighted in red] has been reported before, 16, 22 it possesses a C 2v structure and can be made by adding a Au atom to the 3D isomer of Au 12 − . The C 3v isomer [ Fig. 1(d) shown in blue color] has also been reported previously, 24, 49 which can be viewed as generated from the C 2v isomer by slightly displacing the central gold atom from one of the faces. The C 2v isomer can be viewed as a two-layer structure: a gold triangle stacking on top of the Au 10 − triangle [ Fig. 1(d) ].
Because of the similarity of their photoelectron spectra [ Figs. 1(b) and 1(c) ], the structures of the AgAu 12 − and CuAu 12 − clusters are expected to be similar. Structures v and x (Fig. 4) gave the best agreement with the experimental spectra for AgAu 12 − and CuAu 12 − , respectively. Indeed, the structures of AgAu 12 -and CuAu 12 − are nearly identical to the C 2v isomer of Au 13 − by substituting a Au atom. The substitution site is consistent with our recent studies, 36, 42 which show that Ag or Cu atom tends to locate in the center of a gold planar hexagon in doped Au n − clusters. It should be noted here that although the lowest-energy isomer v of AgAu 12 − gives the best agreement to the experimental spectrum, the second lowest-energy isomer x (0.041 eV higher in energy than ix) of CuAu 12 − is found to be the predominant species. Both the lowest-lying isomer ix and x of CuAu 12 − were reported previously 50 but now as a result of the inclusion of SO effects, their energy difference is further reduced, which lends more credence toward the assignment.
B. Au 14 − and MAu 13

−
The Au 14 − cluster has been studied by a number of groups using different experimental and computational methods. 16, 22, 29, 33, 49 Our BH searches consistently yield the same low-lying isomers, and the five lowest-lying isomers with their relative energies and computed spectra are given in Fig. 5(i-v) . Because these isomers are very close in energy, it is difficult to identify the true global minima due to the intrinsic errors in DFT calculations. Based on previous calculations on gold clusters at the SO-PBE0/CRENBL level, 58 the calculated first VDEs are usually underestimated relative to the experimental values by 0.1-0.3 eV. Among the four lowest-lying isomers, only the first VDE of structure ii (2.80 eV) is slightly lower than the experimental VDE (2.95 eV) (see Table I ), while the other three isomers (i, iii, and iv) give relatively high first VDEs (>3 eV). Isomer ii is only 0.008 eV higher in energy than the lowest-lying isomer (i) and it is well within the DFT error to compete for the global minimum. Our experimental data [ Fig. 2(a) ] suggest that Au 14 − consisted of a single isomer. By comparing the computed spectra with the experimental data, we find that isomer ii gives the best agreement in terms of the spectral features below 5.0 eV [ Fig. 2(d) ]. Isomer ii has C 2 symmetry and it is similar to the structure reported by Schooss and co-workers using trapped ion electron diffraction combined with DFT calculations. 49 Note again that Au 14 − is an open-shell cluster and the photoelectron spectrum contains transitions to both singlet and triplet final states, which cannot be well reproduced using the current theoretical calculations. This may explain partly the differences between the computed spectrum and the experimental data. In our previous studies, 42 we have showed that for open-shell clusters such as Au 12 − the computed spectra using our method can reproduce the overall pattern of the experimental photoelectron spectra, but may not yield quantitative agreement with the experiment such as closed shell anionic cluster.
The Ag and Cu doped clusters show similar photoelectron spectra [Figs. 2(b)-2(c)] to that of Au 14 − and are therefore expected to possess similar structures. Our BH searches generated many low-lying structures and the five lowest-lying isomers are presented in Figs. 5(vi)-5(xv). Similar to Au 14 − the isomers for MAu 13 − also have very close energies and the global minima can only be identified by comparing the computed spectra with experiment data. Taking into account that the VDEs are slightly underestimated by the SO-PBE0 method, we can exclude three of the AgAu 13 − isomers vii-ix (Fig. 5) , because their VDEs are higher than the experimental value of 2.95 eV ( Fig. 2 ; Table I ). Isomers vi and x produce very similar PES patterns in the computed spectra [Figs. 5(vi) and 5(x)] and are also energetically very close (within 0.04 eV). Note that each surface of the parent Au 14 − C 2 structure has three distinct sites-two hexagonal sites and one with a pentagonal motif. Isomers vi and x are derived from the Au 14 − structure where one gold atom in the two hexagonal sites is replaced by a Ag atom. It is difficult to finalize the assignment based only on the minor difference of these two isomers. However, when examining carefully at the experimental spectrum of AgAu 13 − [ Fig. 2(b) ], one can find that there is a weak feature located on the right shoulder of the A band, which is well reproduced by isomer vi [ Fig. 2(e) ]. Thus, it is likely that isomers vi and x were both present in the cluster beam.
For CuAu 13 − , isomer xi and xiv can be ruled out due to their higher calculated binding energies (Fig. 5) . The other three isomers [Figs. 4(xii)-4(xiii) and 4(xv)] are formed by replacing one Au atom from the surface of the parent Au 14 − . The computed spectrum of isomer xv is quite different from the experimental spectrum and can be ruled out. Similar to AgAu 13 − , it is difficult to assign global minimum between isomers xii and xiii, because they have very similar structures, similar computed spectral patterns, and very close energies. We tentatively assign isomer xiii because its computed spectrum is in slightly better agreement with the experiment, in particular, the splitting between the second and third peaks [ Fig. 2(f) ].
C. Au 15
− and MAu 14
−
The computed spectra for the five lowest-lying isomers of Au 15 − and MAu 14 − are shown in Fig. 6 . The computed spectrum of the lowest-energy isomer i is in quantitative agreement with the more intense bands in the experimental data [ Fig. 3(d) ] and can be concluded unequivocally to be the global minimum of Au 15 − . The weak features in the experimental data between 4.4-4.8 eV are reproduced very well by the computed spectrum of isomer ii, confirming the coexistence of two isomers for Au 15 − in the cluster beam. 21 The global minimum of Au 15 − possesses C 2v symmetry while the minor isomer has a C 1 structure. The energies of these two isomers are close but are much lower than the other low-lying isomers (Fig. 6) . Note that both the C 2v and C 1 isomers have been reported previously. 21, 49 In our previous calculations of the photoelectron spectra for the C 2v and C 1 isomers (Au 15d − and Au 15a − in Ref. 21) , the SO effects were not included. Because the computed spectra without including the SO effects were only in qualitative but not quantitative agreement with the experimental data, we could not determine unequivocally which isomer between the two was the true global minimum, although the C 1 isomer was tentatively assigned as the major isomer (Au 15a − ) in Ref. 21 . The two lowest-energy structures of AgAu 14 − are based on the C 2v and C 1 isomers of the parent Au 15 − and they are nearly degenerate within 0.001 eV (Fig. 6) . The computed spectra of these two isomers of AgAu 14 − are in excellent agreement with the experimental spectrum [Figs. 3(b) and 3(e)]. In the experimental spectrum, the intensities of the two isomers are similar, consistent with the nearly degeneracy of the two isomers. The isomer based on the C 1 parent of Au 15 − has slightly higher intensity and slightly lower in energy and is likely the global minimum for AgAu 14 − . It should be pointed out that the computed spectra of the two doped clusters are nearly identical to those of their corresponding isomers of the parent Au and their computed spectra are also very similar. However, the minor isomer for CuAu 14 − is very different from that for AgAu 14 − , as can be seen from the slightly different experimental spectral patterns [ Figs. 3(b) and 3(c) ]. Among the four lowest-lying isomers, the computed spectrum of isomer xiii (Fig. 6) gives the best agreement with the weak feature X [Figs. 3(c) and 3(f) ]. The global minimum of CuAu 14 − is formed by replacing a Au atom from the C 1 isomer of the parent Au 15 − . The minor isomer of CuAu 14 − on the other hand is very different from the minor isomer of AgAu 14 − : it has C s symmetry with a dangling Au atom. It should be pointed out that we have previously observed dangling gold atoms in observed isomers for Au 7 − , AgAu 6 − , and CuAu 6 − , all having a very stable triangular Au 6 or MAu 5 core with one Au atom attaching to one corner site. 36 An isomer with a dangling Au atom was also observed for SiAu 16 − .
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VI. CONCLUSION
We present a joint experimental and theoretical study of the structural and electronic effects of isoelectronic substitution by Ag and Cu atoms on anionic gold clusters in the size range of 13-15 atoms. The excellent agreement between the experimental PES data and computed spectra with the inclusion of the spin-orbit effects has allowed us to fully resolve the global minimum structures and low-lying isomers for the clusters, Au 13 − to Au 15 − . For Au 13 − , we found a new C 3v isomer, which is nearly degenerate with the global minimum
